In this paper, discrete element method (DEM) is used to investigate the strength properties and failure modes of QH-E lunar soil simulant at the low confining stress. The deviator stress-axial strain curves and volumetric strain-axial strain curves are obtained based on DEM simulations, which are basically consistent with the experimental results at the low confining stresses, and the lower confining stress is, the closer to the experimental curves will obtain. Moreover, for a given low confining stress, the effects of porosity and friction coefficient on strength properties of QH-E samples are discussed. The results show that the peak stress, residual stress and axial strain corresponding to the peak stress obviously decrease with the increase of the porosity, while slightly increase with the increase of the friction coefficient. Furthermore, the whole failure processes and failure modes at different low confining stresses are also observed by DEM simulations. The simulated results indicate that the V-type shear zone (double shear bands) is the main failure mode at the low confining stress, and then the V-type shear zone gradually changes to a single shear band (along the horizontal direction about 52 o ) with the increase of the confining stress.
INTRODUCTION
Manned lunar exploration has attracted renewed interest, many countries are preparing their own plans for lunar exploration [1] . The lunar soil will be the first lunar material that explorers and exploration equipment directly contact when they land on the Moon and its mechanical characteristics are important to lunar exploration. Because of the limited amount of lunar regolith brought back to Earth by the Apollo missions, lunar soil simulants, as the substitutions of real lunar soils, was developed to investigate the mechanical properties of real lunar soils [2] [3] [4] [5] [6] , as well as the interaction behaviour between exploration equipment and lunar soils.
SIMULATION MODEL

Selection of particle size and generation of numerical model
In our previous experimental tests, a type of lunar soil simulant named as QH-E was developed by Tsinghua University to investigate the properties of the lunar soil [24] . In the present DEM simulations, the same physical parameters of QH-E lunar soil simulant are selected to further investigate the mechanical properties of QH-E by comparing with our previous experimental results. The grain-size analysis of QH-E was conducted according to ASTM D422-63 for particles greater than 0.075 mm in diameter, and the testing result is shown in Figure 1 . As we all know in many DEM simulations, particles are commonly approximated by spherical or ellipsoidal shaped particles to keep the required computational resources manageable, and the spherical particle shape greatly simplifies simulations and accommodates the maximum number of particles for any given central processing unit (CPU) execution time budget [25] . In the present simulation, the shapes of particles are also considered to be spherical with the grain size of 1~1.5 mm for convenience of calculation and easily extract the fundamentals of deformation behaviour and failure modes of QH-E at the low confining stresses.
Fig. 1 -Particle size distribution curves of QH-E sample, the upper boundary, lower boundary, and
average of bulk of Apollo samples [24] .
Triaxial compression simulations are performed on the cylindrical soil samples using PFC3D numerical simulation following two steps: (1) inputting command stream in PFC3D to generate a 140 mm height and 70 mm diameter flexible cylinder and two rigid loading plates, which has the same size as the experimental sample. (2) Particle aggregation of simulation model in accordance with the aggregation of lunar soil simulant through PFC3D embedded fish language programming, as shown in Figure 2 . In the present simulations, the initial porosity of simulation model is 0.38, and the particle size is the range of 1~1.5 mm random distribution, 40980 particles are produced in the PFC3D model. So large number of particles maybe affect the calculating speed and computational time to a certain extent, but the stress-strain and volumetric strain curves outputted from PFC3D are more uniform. 
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Contact constitutive model
In the geotechnical problem of lunar soil PFC numerical simulation, the contact constitutive model is generally adopted to calculate the interaction force between particles in the PFC software. The normal and tangential contact stiffness of the particles can be determined according to their own stiffness and contact mechanics model. Due to the fact that lunar soil has a certain amount of apparent cohesion [26, 27] , parallel-bonded model is used to study the tri-axial compression mechanical properties of lunar soil simulant, which has been successfully applied to simulate mechanical properties of lunar soil simulant [28, 29] . Figure 3 shows schematic diagram of parallel bond model and its force and torque distribution. The contact part between the two elements is considered to be a disc, which is expressed in a spring with normal and tangential stiffness. This group of springs are uniformly distributed in the contact plane. Due to the existence of the parallel bond stiffness, after this kind of bond is produced, the contact at the relative motion in the adhesive materials induces a force and a torque, the forces and moments acting on the two bonded particles and related to the maximum normal and tangential stress of the material bonded edges. If either of the maximum stress exceeds the corresponding bond strength, the parallel bond is broken. Parallel bond is defined by five parameters: normal stiffness , tangential stiffness , normal strength , tangential strength and adhesive disc radius , respectively. The normal and tangential stresses of parallelbonded model are expressed as follows: The increment of normal and tangential components of the contact force:
Fig. 3 -Schematic diagram of parallel bond model and its force and torque distribution
where A is the contact area;
is the normal and tangential increment for the contact displacement within the time step, respectively. The increment of the contact displacement i U  is given by:
The contact moment is divided into two parts, the torque and the moment:
The torque and moment are described as:
where J is the moment of inertia of the disc cross section, I is the moment of inertia of the contact surface along the c tan
Micro-parameters calibration for PFC simulation
Model parameters required in a PFC numerical simulation can be classified into two categories: 1) physical parameters characterizing the geometrical size of the sample and the experimental conditions; 2) microscopic parameters characterizing particles and their contact mechanics model. The values of the physical parameters can be directly determined by the actual situation of the experiment, while microscopic parameters need to be calibrated which would be a very tedious and time consuming process. The simulation of the tri-axial test (in 3D) or the biaxial test (in 2D) is the basic method to determine the microscopic parameters of the PFC model. Through repeatedly adjusting the input of the microscopic parameters of the model, the simulation results are in agreement with the experiment results as much as possible, so as to determine the values of the parameters, and to further carry out other numerical simulation research. The The two other parameters of cohesion and internal friction angle need to be determined by the stress strength values of the experimental results. According to the experimental data draw the Mohr's circle and their common tangent, and then obtain cohesion and internal friction angle. The cohesion is 3.1kPa (c =3.1kPa) and internal friction angle is 51.55
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Fig. 4 -The strength envelope of QH-E lunar soil simulant
SIMULATION RESULTS AND DISCUSSION
Deviator Stress-Axial Strain curves
Figures 5(a)-(c) show the deviatoric stress versus axial strain relationship for QH-E samples at the low confining stresses of 6.25, 12.5, and 25 kPa, respectively. The stress-strain curves can be divided into three stages: hardening stage before the peak deviatoric stress, rapid softening stage after peak deviatoric stress, and the residual stress stage after softening. The peak deviatoric stress increases with the increase of the confining stress, and the amount of postpeak softening also increases with the increase of the confining stress (see Figure 5) . It is also shown that QH-E lunar soil simulant displayed a significant strain-softening behaviour associated with the development of a shear band as shown in Section 4. The strain softening contributed to an approximatively equal residual strength, and the residual strength envelopes of QH-E are approximately linear. With the increase of confining stress, the axial strain corresponding to peak stress becomes larger. Comparison of the simulation curves and experimental curves, the deviator stress versus axial strain curves are basically consistent in the elastic deformation stage, the R Article no. 17 Figure 5 . Table 2 shows the values of peak deviatoric stress, residual stress and axial strain corresponding to the peak stress at low confining stresses based on both PFC3D simulation and experimental results. As can be seen in Table 2 , the simulated peak deviatoric stress, residual stress and axial strain at peak stress are close to those of experimental results. Moreover, from Figure 5 and Table 2 , we found the deviatoric stress-axial strain curves and values of peak stress, residual stress and axial strain are closer to the experimental results at the lower confining stress. It indicated that the proposed parallel-bonded model and calibrated microscopic parameters are able to represent the mechanical behaviour of QH-E lunar soil simulant at the low confining stresses. It is also emphasized that the values of peak deviatoric stress, residual stress and axial strain at peak stress are slightly smaller than those of experimental values, and the deviation gradually becomes larger with the increase of confining stress, which could be related to the model without considering the particle shape features. It is shown that QH-E lunar soil simulant is of angular shape with sharp corners and a highly irregular surface because of the Raymond mill method used to grind QH-E [24] . In the tri-axial compression tests, the irregular particle shape can increase the shear strength [11, 30] . Therefore, the simulated values of peak deviatoric stress, residual stress and axial strain at peak stress are slightly smaller than those of experimental results. 
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Volumetric Strain-Axial Strain curves
Figures 6(a)-(c) show the simulated volumetric strain versus axial strain and comparison with experimental curves at low confining stresses of 6.25, 12.5, and 25kPa, respectively. It can be observed that the larger the confining stress, the smaller the ultimate value of the volumetric strain because of the stronger confining restraint. At low confining stresses of 6.25, 12.5, and 25kPa, the samples displayed highly dilative behaviour since the beginning of loading. The lower the confining stress is, the stronger the dilatancy is, and the greater the volumetric strain is. Further, it can be found that the volumetric strains of the samples at low confining stresses do not tend toward stability, and the samples do not exhibit constant critical state volumes (see Figure 6 ). The volumetric strains will gradually tend toward stability with the increase of the confining stress. By comparison with experimental curves, it can be seen that the PFC3D simulations of volumetric strain versus axial strain curves show an overall good agreement with experimental curves, and the lower the confining stress is, the simulated curves are closer to the experimental curves. It further reveals that the proposed parallel-bonded model and calibrated microscopic parameters are feasible for studying the mechanical properties of QH-E lunar soil simulant at the low confining stresses. Effects of porosity and friction coefficient on stress-strain curves Figure 7 shows the deviatoric stress and axial strain relationship at different porosities and friction coefficients for the same confining stress of 25.0kPa, respectively. As seen in Figure 7 , the peak deviatoric stress and residual stress increased in the stress-strain curves with increasing the friction coefficient, whereas decreased with increasing the porosity, and the initial elastic modulus also increased slightly with increasing the friction coefficient or decreasing the porosity. Zou et al. (2008) studied the effect of micro-parameters on the statics characteristic of lunar soil at the conventional confining stress through PFC3D simulation of tri-axial compression test. Their simulation results show that with increasing the friction coefficient, the peak stress increases obviously, and it increases slightly with increasing the particle contact stiffness. While the peak stress decreases with increasing the porosity. The present results indicate that the effects of the porosity and the friction coefficient on the peak stress of QH-E lunar soil simulant at the low confining stress are the same as those at the conventional confining stress by Zou et al. [29] . Table 3 presents a quantitative relationship for the effects of friction coefficient and porosity on the peak stress, residual stress and axial strain corresponding to the peak stress. The peak stress, residual stress and axial strain corresponding to the peak stress are obviously increased with the decrease of the porosity, the peak deviator stress increased obviously from 87.5 to 466.2kPa, the residual stress increased from 36.5 to 156.5kPa, and the axial strain corresponding to this peak stress also increased from 1.35% to 2.25% when the porosity decreased from 0.42 to 0.3 at the same confining stress of 25.0kPa. The effect of friction coefficient is not as obvious as those of the porosity, the peak deviator stress increased from 172.4 to 205.0kPa and the residual stress increased from 67.5 to 77.6kPa when the friction coefficient increased from 0.20 to 0.40, while the change of the axial strain corresponding to the peak stress is very small (from 1.77% to 1.85%) as shown in Table 3 .
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It can be seen from Figure 7 that the porosity and friction coefficient can obviously affect the peak strength of QH-E lunar soil simulant, and porosity has a stronger effect on the peak strength for tri-axial compression simulation at low confining stress. It indicates that the requirements of macro-mechanical strength can be realized by adjusting the micro-parameters. In general, the initial porosity of the sample is given, so the requirement of the peak strength of tested sample can be achieved by changing the friction coefficient. 
FAILURE PROCESSES AND FAILURE MODES AT LOW CONFINING STRESSES
Based on the discussion and analysis of the deviatoric stress versus axial strain and volumetric strain versus axial strain curves, it can be found that the proposed parallel-bonded model and calibrated microscopic parameters are feasible for studying the mechanical properties of QH-E lunar soil simulant at the low confining stresses. In order to more clearly observe the failure processes and failure mechanisms of specimen interior at different low confining stresses, a two-dimensional model is chosen to qualitatively simulate the failure mechanisms by using the above parallel-bonded model and microscopic parameters of QH-E lunar soil simulant at the low confining stresses, and the failure modes are recorded during the whole process of simulation. Figure 8(a) shows the failure process and failure mode at the confining stress of 6.25kPa. A local damage occurs in the upper part of the sample at the axial strain of 0.2%, with the increase of the strain, the damage degree increases gradually, and the failure of QH-E lunar soil simulant is from the edge to the internal zone of the sample. Then, the V-type shear zone (double shear bands) appears in the upper part of the sample at the axial strain of 1.45%, and the V-type shear zone becomes larger with the increase of the strain (at the axial strain of 1.70%) as shown in Article no. 17
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.14311/CEJ.2018.02.0017 222 Figure 8 (a). The failure process and failure mode at the confining stress of 12.5kPa have similar results, the V-type shear zone is formed from the edge to the internal zone of the sample, and the only difference is that the V-type shear zone moves a short distance to the right edge of the sample, as shown in Figure 8(b) . When the confining stress is 25.0kPa, the V-type shear zone is still observed but move further to the right edge of the sample (see Figure 8(c) ). With the further increase of the confining pressure, the V-type shear zone gradually changes to a single shear band at the confining stress of 50kPa, and the single shear band with about 52 o along the horizontal direction (see Figure 8(d) ). It reveals that V-type shear zone is the main failure mode at the low confining stress. Then the V-type shear zone gradually changes to a single shear band (along the horizontal direction about 52 o ) with increasing the confining stress. The single shear band with about 52 o along the horizontal direction is the main failure mode at the conventional confining stress. Figure 9 compares the simulated failure modes of QH-E lunar soil simulant at different confining stress with the experimental observations. As seen in Figure 9 , the failure modes of QH-E by using numerical simulations are in agreement with the experimental observations. These evolution mechanisms of shear band also successfully explain the reason why QH-E lunar soil simulant exhibits a significant strain-softening behaviour in the deviatoric stress versus axial strain curves.
(a) Failure process at the confining stress of 6.25kPa.
(b) Failure process at the confining stress of 12.5kPa. 
CONCLUSION
DEM numerical simulations are carried out to investigate the strength properties and failure modes of QH-E lunar soil simulant at the low confining stress. The effects of porosity and friction coefficient on strength properties of QH-E samples are also discussed. The major findings are as follows:
 At low confining stress, the values of peak deviatoric stress, residual stress and axial strain corresponding to the peak stress show an overall good agreement with experimental results, and these values are closer to the experimental values at the lower confining stress. In addition, the deviator stress vs. axial strain and volumetric stress vs. axial strain curves from the present numerical simulations are also similar to those curves from the experimental tests. Therefore, at low confining stress, the proposed model and calibrated microscopic parameters are suitable for simulation the mechanical properties of QH-E lunar soil simulant.
 Both the porosity and friction coefficient can affect the peak strength of QH-E lunar soil simulant, and porosity has a stronger effect on the peak strength for tri-axial compression simulation at low confining stress. The peak stress, residual stress and axial strain corresponding to the peak stress obviously decrease with the increase of the porosity, while these values slightly increase with the increase of the friction coefficient at low confining stress.
 At the low confining stress, the V-type shear zone (double shear bands) is the main failure mode. Then the V-type shear zone gradually changes to a single shear band (along the horizontal direction about 52 o ) with the increase of the confining stress. These evolution mechanisms of shear band are in agreement with experimental observation and explain the reason that QH-E lunar soil simulant exhibits a significant strain-softening behaviour.
The above results based on DEM simulation provide the important information about the strength properties and failure modes of QH-E lunar soil simulant at the low confining stress. However, it is emphasized that the current results are obtained under a special contact constitutive model without considering the shape and size distribution of actual particles. Due to the QH-E lunar soil simulant of angular shape with sharp corners and a highly irregular surface, a more detailed PFC simulation based on a more suitable constitutive model is necessary for a more accurate understanding of mechanical properties of QH-E lunar soil simulant.
